Baker's yeast was grown in a novel type of turbidostat in which the steady-state biomass level was controlled not by the optical turbidity but by the dielectric permittivity of the suspension at appropriate radio frequencies. Dry weight, fresh weight, the optical density at 600 nm, percentage viability (from methylene blue staining), bud count and ethanol concentration were measured off-line and the cell size distribution was recorded using flow cytometry. Any changes in the physiological properties of the yeast had a negligible effect on the ratio between the permittivity set (and measured) and the steady-state dry weight, fresh weight or optical density of the cultures. The permittistat was found to provide an extremely convenient means for carrying out turbidostatic culture.
Introduction
Amongst the possible forms of continuous culture (Tempest, 1970; Pirt 1975) , it is usual to distinguish those (such as the chemostat) in which the dilution rate is fixed by the experimenter and growth is nutrient-limited, and those, such as the turbidostat (Bryson & Szybalski, 1952) or pHauxostat (Martin & Hempfling, 1976) in which cell growth is not nutrient-limited and in which the inflow of fresh nutrients is controlled via a feedback loop responding to some growth-associated parameter. Although the chemostatic and turbidostatic modes of growth are fundamentally similar (Herbert, 1959 , the volumetric productivity of biomass displayed by turbidostats is the greatest achievable for a given organism and environment, and, from a control engineering point of view, the system is stable at high dilution rates, corresponding to values approaching pmax.
In a turbidostat the biomass level in the fermenter is determined continuously, the nutrient pump being turned on when it exceeds a set point. The usual method of biomass estimation is via the optical turbidity of the cell suspension (Myers & Clark, 1944; Bryson & Szybalski, 1952; Anderson, 1953 Anderson, , 1956 Northrop, 1954; Moss, 1956; Cooper et al., 1959; Schlecht et al., 1958; Herbert et al., 1965; Dean, 1967; Moss & Bush, 1967; Blachere & Jamart, 1969; Munson, 1970; Edwards et al., 1972; Agrawal, 1987) . However, turbidity measurements have two major drawbacks: (i) they are only linear (in * Author for correspondence. email : DBK@UK.AC.
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terms of the Beer-Lambert law) over a limited range of values of biomass, and become useless at optical densities exceeding approximately 4 (corresponding for a 1 cm path length to approximately 2 mg dry wt ml-l), and (ii) the optical sensors used in turbidity measurements are extremely prone to fouling by the microorganisms which they are attempting to measure. In addition, non-cellular particulate material in suspension will contribute to the signal.
An important, and now perhaps more popular, alternative to the optical turbidostat is the pHauxostat (Martin & Hempfling, 1976; Stouthamer & Bettenhaussen, 1976; Oltmann et al., 1978; MacBean et al., 1979; Bungay et al., 1981 ; Rice & Hempfling, 1985; Minkevich et al., 1989; Fraleigh et al., 1989 Fraleigh et al., , 1990 von Schulthess et al., 1990) , in which the growth-associated microbial production of acid (or, in principle, base) causes a change in pH which is returned to its set-point not by the addition of alkali per se but by the addition of a more alkaline nutrient medium; the biomass level in the steady state is then determined by the buffering power of the medium (whilst the dilution rate again corresponds to a value approaching pmax for the medium and conditions employed). The pHauxostat is relatively straightforward to implement, but has the disadvantages that (i) the biomass level is still set indirectly, (ii) there is a limit to the range of buffering powers which can be provided, and (iii) the cells must actually change the external pH by a substantial amount as a result of their catabolic activities [which is not always the case (Watson, 1972; Firstenberg-Eden & Eden, 1984) l. Other indirect methods for the estimation of biomass include the electrical 0001-6457 O 1991 SGM conductance of the medium (Firstenberg-Eden & Eden, 1984; Ebina et al., 1989 , Ryu et al., 1990 and the rate of C 0 2 production (Watson 1969 (Watson , 1972 . Overall, however, because of these difficulties, and especially the problems with the optical methods, the generalized turbidostatic mode of growth has been, and remains, little-exploited.
Nowadays, there is much interest in (and progress towards) the direct and on-line determination of biomass levels, especially using physical approaches which (alone) permit the registration of biomass in real time (Harris & Kell, 1985a , Clarke et al., 1986 Kell et al., 1990) . Thus, turbidostats can be imagined in which biomass levels are determined directly using methods other than the optical turbidity of a culture, for use as the feedback signal to the nutrient pump.
Dielectric spectroscopy at radio frequencies has already proven to be a useful tool for the estimation of the biomass levels of many different kinds of organisms (Harris et al., 1987; Davey et al., 1988 Davey et al., , 1991 Boulton et al., 1989; Kell & Todd, 1989; Stoicheva et al., 1989; Ferris et a f . , 1990; Kell et al., 1990; Peiialoza et al., 1991; Salter et al., 1990) . The method gives a signal that is linear with the volume fraction of biomass that is present in a cell suspension up to very high biomass levels (Harris & Kell, 1983) . Since adherence of material to the sensor (fouling) can be prevented by the application of electrolytic cleaning pulses to the electrodes (Dhar, 1986; , and non-cellular material is not detected, it could prove a useful alternative method for the control of biomass levels in fermenters.
The purpose of the present article is therefore to describe our implementation of this type of turbidostat based on the measurement of dielectric permittivity. Since the control of the biomass level in such a system is not based on the turbidity of the suspension the name turbidostat is not really applicable ; we therefore propose the name 'permittistat' for a fermentation system in which the biomass is kept at a constant level by a feedback mechanism based on the dielectric permittivity of the suspension.
Theory
The relevant aspects of the theory of dielectric spectroscopy have been described in many publications (Grant et al., 1978; Schanne & Ceretti, 1978; Pethig, 1979; Zimmermann, 1982; Kell& Harris, 19856; Foster & Schwan, 1986 Kell, 1987 Kell, ,1988 Pethig & Kell, 1987; Takashima, 1989; . Here it will suffice to say that the linear, passive electrical properties of biological (and other) materials can be completely described by their capacitance and conductance. Capacitance gives a measure of the ability of the material to store electric field energy (as charge), whilst conductance gives a measure of the ability to conduct charge and thus dissipate electric field energy as heat. The capacitance and conductance are macroscopic, extensive variables (reflecting the intrinsic properties permittivity and conductivity), whose magnitude depend upon the area A of the (plane-parallel) electrodes used and the distance d between them. Thus we have
where (with their SI units in parentheses), E = permittivity (-), F m-l), C = capacitance (F), a = conductivity (S m-l), G = conductance (S) and d/A = cell constant (m-I).
The dielectric properties of (intact) biological cells are strongly frequency-dependent. In the radio-frequency range, the permittivity falls and the conductivity rises with increasing frequency, between two plateau values. This is because at the lower frequencies electrical charges are unable to cross the molecularly thin cell membrane insulating the electrically conductive cytoplasm from the electrically conductive extracellular medium, so that a large macroscopic capacitance is observed. Since the current is shunted only via the extracellular phase, the conductivity is low, reflecting only that of the extracellular medium (Harris & Kell, 1983; Lovitt et al., 1983) . At the higher frequencies, the electrical field can short-circuit the membrane capacitance, the macroscopic capacitance falls, and the conductance rises (due to the fact that the intracellular conductivity is now contributing to it). This phenomenon is known as the P-dispersion (Schwan, 1957) . The size of the permittivity change LIE( = E ] -EJ due to the P-dispersion is given (Schwan, 1957) , for spherical cells up to a volume fraction of approximately 0.3, by = permittivity of free space (8.854 x E, = &h + 9PrC,/4~, where E, = 'low-frequency' permittivity (-), &h = "high-frequency" permittivity (-), P = volume fraction of biomass, i.e. the total (intra)cellular volume/the total culture volume (-), r = equivalent radius of cell (m) and C, = membrane capacitance (F rn-?).
The value of LIE or the 'dielectric increment' of a cell suspension is therefore dependent on the volume fraction of biomass, the cell size and the membrane capacitance per unit area (typically 0-5-1 pF cm-2). The characteristic frequencyh of a dispersion is the frequency at which it is half-completed, 1.e. that at which E = &h + 4 4 2 = ch + (E, -&J2 and is related to the relaxation time t by 7 = (27rh)-'. That of the P-dispersion depends upon the cell radius, C,, and the conductivities internal (a,) and external (a,) to the cells, according to the relation t = rC,[l/a, + 1/(2a,)]. Thus the conductivity of a suspension can also affect the permittivity measured at a particular frequency (Harris et al., 1987) , but the effect can be minimized by the choice of appropriate frequencies (on the plateaus of the dispersion).
In biological work, it is also common to characterize dielectric dispersions in terms of the Cole-Cole a (Cole & Cole, 1941) , which is an empirical parameter used to describe the breadth of a relaxation and which is generally thought to reflect the distribution of relaxation times of a dispersion (see e.g. Pethig & Kell, 1987) .
The above description represents the 'classical' explanation of the origins of the P-dispersion, and these factors certainly dominate its cause. However, it is fair to point out that the classical explanation alone is not consistent with the effects of cross-linking reagents (Harris & Kell, 19856, Symons et al., 1986) , the excessively great values of the Cole-Cole a (Kell & Harris, 1985a, 6; Pethig & Kell, 1987) and the temperature-dependence of the dielectric increments observed (Ferris et al., 1990) , such that other effects, in particular the lateral diffusion and activity of membranous proteins (Harris & Kell, 19856, Kell & Harris, 19856) , must also contribute to the a-dispersion in biological cell suspensions. 
Methods
Organism. The yeast used was baker's yeast obtained locally. The yeast was plated out and a clone taken from one colony was propagated and used as the inoculum. The yeast was grown on a medium containing the following (all w/v): sucrose, 5%; yeast extract (Lab M), 0.5%, bacterial peptone (Lab M), 0.5%. The pH was set at 5.0 with phosphoric acid before autoclaving the medium.
Fermentation system. For permittistatic culture, the cells were grown anaerobically. The fermenter vessel (LH Engineering) had a volume of 1 litre and the temperature of growth was 27°C. The top of the fermenter was adapted to allow the insertion of the probe of the dielectric spectrometer. 'Oxygen-free' (white spot) nitrogen gas was sparged through the medium. The fermenter was stirred at 500 r.p.m. using a 4 cm diameter Rushton-type impeller. The pH was controlled at 5.0 with a pH stat, using 1 M-KOH. The working volume was controlled at 470 ml by pumping medium out continuously through an overflow. Medium was pumped in using a Watson-Marlow peristaltic pump. The capacitance at 'low' and 'high' frequencies, the high-frequency conductance and the state (onlo@ of the nutrient pump at the inflow were monitored continuously using a Blackstar 2308 interface (analogto-digital converter) and an Opus I1 IBM-compatible PC. The same computer/interface system was used to control the measurement frequency and the biomass level. The difference between the capacitance at low and high frequencies was used to switch the pump at the inflow on or off in order to control the biomass level in the fermenter. A hysteresis of 0.2 pF was allowed for the first three setpoints of Fig. 1 , and of 0.1 pF during the rest of the experiments: 0.1 pF corresponds, for the stated cell constant, to a permittivity difference of some 0.9 permittivity units. Every 66 min during the batch phase of the permittistat culture a full frequency scan of the capacitance (and conductance) was performed automatically. Samples for off-line analysis were taken aseptically three times a day during continuous cultures.
Of-line measurements. Fresh weights were measured by filtering 5 ml of suspension over 25 mm 0.2 pm cellulose nitrate Whatman filters. Dry weights were measured by drying the above filters plus cells in a drying oven (105 "C) overnight.
Optical densities were measured at 600 nm using a cell with a path length of 1 cm in a CamSpec spectrophotometer; samples with values of optical density greater than 0.5 were diluted.
Methylene blue staining, a well-known measure of yeast cell viability (Jones, 1987; Boulton et al., 1989) was performed as described previously (Stoicheva et al., 1989) .
Bud counts were performed microscopically. Only cells that clearly consisted of connected cells were counted as budding cells. During the stationary phase of the batch culture aberrant morphologies were found; they were not counted as budding cells.
Ethanol concentrations were measured using procedure 332-UV from Sigma, which is based on the enzyme oxidation of alcohol by NAD+ in the presence of alcohol dehydrogenase.
A concentrated invertase solution (5 pl) was added to 1 ml of the medium to convert sucrose to fructose and glucose. After a period of 30 min glucose was measured using the colorometric, enzymic procedure 115 from Sigma Flow cytometry. For the flow cytometry 1 ml samples containing 1 % (w/v) glutaraldehyde were stored in the cold room. The flow cytometer used was a Skatron Argus 100 (Skatron, Newmarket, UK), whose optics (Steen, 1990) and the means by which linearization of the calibration curve was achieved have been described elsewhere . This instrument can measure both the fluorescence and elastic light scattering of particles. In the present experiments we used only low-angle light scattering, which gives a measure of particle size (e.g. Sharpless et al., 1977; Salzman et al., 1979; Latimer, 1982; Salzman, 1982; Kerker, 1983; Koch, 1984 Koch, , 1986 Harding, 1986) . The machine was used with the photomultiplier tube set at 390 V and a linear gain of 4. Calibration was done using 3, 5,7 and 10 pm diameter latex calibration beads, and cell sizes are given as the diameter of the equivalent sphere, based on the calibrating latex beads.
Dielectric measurements. The dielectric measurements were performed using a four-terminal dielectric spectrometer designed for the registration of microbial biomass, a BugmeterTM, produced by Aber Instruments, Aberystwyth, UK. This instrument uses a probe consisting of four gold pins embedded in an autoclavable plastic, and fits a standard 25 mm Ingold-type port. The cell constant of this probe was 0.80(3) cm-l, and was determined using KCI solutions of known specific conductivity. The Bugmeter was controlled as described above, using an Opus I1 IBM-XT compatible PC and a Blackstar 2308 interface (ADC). To compensate for drift and fluctuations in the signal caused by external influences such as changes in the ambient temperature, the (im)perfection of electrical grounding and so on, the measurements were performed by comparison of the signal at a low frequency (0.4 MHz) with that at a high frequency (9.5 MHz). We refer to this measurement as the delta permittivity value. Since instrumental drift and fluctuations have the same effect on signals at low and high frequencies, and only the signal at low frequencies contains a component related to the biomass present, this method allows one to compensate for such artefacts. The method has already been exploited successfully in the measurement of the dielectric properties of biofilms .
The Bugmeter also contains a unit which allows one to generate gas bubbles on the electrode surface by electrolysis of the medium, in order to clean the electrode. This option was not used in the present work since biofilm formation was found to be minimal.
We first determined the relationship between the difference in permittivity at 0.4 MHz and that at Fig. 1 . Changes in the permittivity at 0.4 MHz relative to that at 9.5 MHz during the continuous culture of baker's yeast at different setpoints. A permittistat was set up as described in Methods. Cells were initially grown in batch culture mode. At the first arrow (about 28 h after inoculation), the permittistatic mode of operation was initiated. The setpoint (for the difference in permittivity at 0.4 MHz minus that at 9.5 MHz) was subsequently changed at the points (marked by arrows) where the delta permittivity measured exhibits a step. 
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MHz, as a function of the dry weight, for cell suspensions taken from a yeast culture. The data showed that the permittivity was linear with the biomass present to values of biomass concentration greatly in excess of those used in the present work (data not shown, but see also Stoicheva et al., 1989) .
The changes in the permittivity difference between 0.4 and 9.5 MHz during a continuous fermentation of baker's yeast are given in Fig. 1 . It may be noted that the pmax of this organism in the stated medium under conditions of batch growth was 0-52 h-l. Once the stationary phase was achieved after the initial batch growth (at about 25 h) the biomass was controlled at different permittivity levels. At the third arrow too high a setpoint for the amount of nutrients in the feed was chosen, and the control of the biomass level was momentarily stopped. Overall, however, it may be seen that the permittistat provided an excellent degree of control of the biomass set, and that excursions in the biomass level were within the hysteresis built in to the control loop. Fig. 2(a) shows the changes in the dry weight, fresh weight and optical density during the batch culture phase of the permittistat following inoculation. Also shown are the changes in the viability and bud count (Fig. 2b) , the ethanol content of the medium (Fig. 2c ) and the median cell size during the batch culture (Fig. 2 4 . The fact that the plots in Fig. 2(a) do not extrapolate to values of iero permittivity units on the abscissa is due to an instrumental artefact (non-flat baseline) in the particular instru- ment used. From these data (Fig. 2) it may be inferred that the relevant parameters for this strain in batch culture are delta capacitance (and in square brackets delta permittivity) equal to 1.93 pF [ 17-5 permittivity units] (mg dry wt)-l ml-l, 0.43 pF [3.9 permittivity units] (mg wet wt)-' ml-l and 0.93 pF [8.5 permittivity units] (ODbo0 unit)-', the percentage viability is approximately 100% and the percentage of budding cells equals 70-100%. It may also be observed that the median cell size (for definition and means of measurement see Davey et al., 1990b) increases slightly and monotonically as a function of the permittivity. This behaviour may be and 9.5 MHz during permittistat culture of baker's yeast. Measurements were taken both from the run displayed in Fig. 1 and from similar experiments. In (a), the lines represent the best fits to the data according to a linear least-squares fit (Leatherbarrow, 1990 ).
ascribed to the well-known observation that, if growing, faster-growing cells are larger [see also Alberghina et al. (1983) and Ranzi et al. (1986) , who studied aerobically grown yeast], and throughout the batch culture the cells are constantly accelerating out of the lag phase. In Fig. 3 are shown the changes in the frequency scans during the batch phase of the culture. From these, using the spreadsheet program for fitting dielectric data that we have described previously (Davey et al., 1990c) , it may be inferred that the characteristic frequency of the /?-dispersion under these conditions (i.e. the frequency at which it is half-completed) remains fairly constant at some 1-2 MHz (log frequency = 6.08 in Fig. 2) . From these data, it is also possible to determine the value of the Cole-Cole a, a method of potential use for the rapid characterization of morphological changes in microbial cultures in that elongated or otherwise non-spherical cells would be expected to display a greater distribution of relaxation times. We observed (data not displayed) that the Cole-Cole a decreased rather smoothly from a value of 0.13 upon inoculation to 0.06 as cells began to enter the stationary phase.
A number of cultures were studied in the manner displayed in Fig. 1 , with different values of the biomass setpoint. Fig. 4(a) displays the dry weight, fresh weight and optical density as a function of the setpoint used, whilst Fig. 4(b) and Fig. 4(c) show, respectively, the changes in the percentage viability and the bud counts and the steady-state glucose and ethanol concentrations. From these data it may be inferred that in permittistat culture this strain has a delta capacitance (delta permittivity in square brackets) equal to 1.64pF [14-9 permittivity units] (mg dry wt)-* ml-l, 0.36 pF [3-2 permittivity units] (mg fresh wt)-' and 0.71 pF [6.4 permittivity units] (OD600 unit)-'. It is also of interest to note the generally good linearity between the steady-state ethanol concentration and the permittistat setpoint, consistent with the view that any setpoint-dependent changes in the cellular physiology or primary metabolism were insignificant over the range of setpoints studied.
In Fig. 5 the changes in the dilution rate during the experiment are plotted versus the setpoint used. It may be observed that the dilution rate is a monotonically decreasing function of the setpoint, possibly suggesting that under the present conditions the organisms were not in a medium providing a very large excess of nutrients (Munson, 1970) . From the measurements of glucose and ethanol concentrations (Fig. 4c) it may be inferred that the cells probably did not become glucose-limited, even at the highest permittivity setpoint used. Although we did not study this point in detail, such data could perhaps best be accounted for if the cells were subject to increasing levels of ethanol toxicity (see e.g. Brown & Oliver, 1982; Ingram & Buttke, 1985; Jones & Greenfield, 1986; van Uden, 1989) or other product inhibition as the permittivity setpoint was raised, since the steadystate ethanol concentrations (Fig. 4c) were quite large, and in inverse ratio to the steady-state biomasses.
The extent of low-angle light-scattering from bacteria and similar objects depends on their biomass, but the amount of light scattered per unit biomass is relatively independent of the cell size (e.g. Wyatt, 1968; Sharpless et al., 1977; Salzman et al., 1979; Latimer, 1982; Salzman, 1982; Kerker, 1983; Koch, 1984 Koch, , 1986 Harding, 1986; Carr et al., 1987) . This type of behaviour contrasts with that relating permittivity per unit biomass and cell size, where the former is proportional to, rather than independent of, the latter (see Theory section). Thus it was of interest to examine how the distribution of cell sizes (recorded by light-scattering) varied as a function of the biomass concentration set by the permittistat. Fig. 6 displays typical cell size distributions at low (6cr), middle (6b), high (6c) and very high ( 6 4 setpoints. At low setpoints, two peaks are seen, one around 4-3 pm and one around 6 pm. With increasing setpoint the peak of the larger cells shifts to greater cell sizes, thus making the small peak more apparent. The cell size distribution also becomes more broad with increasing setpoint. Such data would be consistent with the view that the increasing steady-state concentrations of ethanol as the permittistat setpoint was raised were more toxic towards division than towards biomass accretion per se. From these and other data, we also determined the median cell size as a function of the permittivity setpoint. It may be observed, however (Fig. 7) , that the median cell size is more-or-less independent of the setpoint except at the highest setpoints (and lowest dilution rates) used.
Discussion and Conclusions
In the present article, we have described the design and implementation of a novel type of turbidostat, the permittistat, in which cell density is continuously recorded (and controlled) not optically but dielectrically. We found (Fig. 1) that the system could accurately maintain biomass concentration to within the hysteresis level built into the control loop, viz. 0.1 pF, corresponding to about 0.05 mg dry wt ml-' for the strain used.
In a 'true' turbidostat, it is desirable that the parameter actually controlled, e.g. optical turbidity, buffering power or dielectric permittivity, is linear with the 'true' biomass present, measured for instance as dry weight (since in a turbidostat the viability is usually very close to 100%). Using cell suspensions, we showed that the dielectric method gives a signal that is indeed strictly linear with the biomass concentration to values far greater than those generally studied. However, changes in the physiology of the cells at different setpoints (corresponding to different dilution rates) might in principle be expected to affect the slope of the line relating permittivity to biomass.
In batch culture, changes in the physiological properties of Saccharomyces cerevisiae only affect the specific permittivity measurements when cells enter the stationary phase ; changes in the ratio of fresh weight, dry weight or optical density to the capacitance IP: 54.70.40.11
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In the permittistat, the percentage of budding cells was always very high, consistent with the high viabilities observed. The reason for the lower extent of budding of the cells in the batch phase of the permittistat culture (Fig. 2) is unknown, but is plausibly related to their emergence from the lag phase. However, viability changes are minimal during the experiments with the permittistat itself.
Interestingly, the dilution rate attained in these permittistats was a moderately sharp function of the permittivity setpoint. Although at the highest values of the latter, the cells conceivably became at least partially nutrient-limited, this behaviour is more simply ascribed to the toxic effects of the ethanol (or other product) produced by the anaerobically growing cells, since the strain used (a commercial baker's yeast) would have been grown and selected aerobically, conditions under which ethanol resistance would not have been selected. Indeed, a simple but ingenious modification to a turbidostat permits the selection of strains more tolerant to ethanol (Brown & Oliver, 1982) .
The only substantial changes in cell physiology that we detected were an increase in median cell size at the highest setpoints (lowest dilution rates) used. Here, a change in the cell composition is arguably to be expected, since accumulation of reserve material is a common phenomenon in yeast (e.g. Trivedi & Jacobson, 1986; Quain, 1988) . No iodine-stainable material was detected during the experiment (data not shown), but it is of course possible that material (such as trehalose) that could not be stained by iodine was accumulated. Notwithstanding, the important consideration is that the dry and fresh weights of the culture remained linear with the parameter actually controlled, viz. the permittivity difference.
Turbidostats (and chemostats) are often used in experiments investigating adaptations of organisms to their environment, including the rate of appearance and selection of mutations (e.g. Northrop & Kunitz, 1957; Bryson, 1958; Munson & Bridges, 1964; Munson, 1970; Kubitschek, 1974; Harder et al., 1977 , James, 1978 Brown & Oliver, 1982; Dykhuizen & Hartl, 1983; Fraleigh et al., 1989) . Turbidostats and chemostats put selection pressures on the organism that is under study, thus selecting for those best adapted to the (artificial) environment. The use of alternative sensors for biomass level determination would set selection criteria different from those set by methods using optical turbidity measurements. Particularly since the control signal generated by the permittistat is cell-size-dependent (per unit biomass), one may imagine cell selection on the basis of cell size. In addition, the present instrumentation provides signals reflecting the frequency-dependent conductivity of the system; thus control signals based on internal or external conductivity could also be used. The implementation of these refinements, and the selection pressures observed, will be described elsewhere.
